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Available online 5 February 2016In this report, an idea of integrating ultrananocrystalline diamond (UNCD) with pyrolytic carbon (PyC)-based
mechanical heart valves, has been demonstrated. The report addresses the strategies to avoid graphitization
and ﬁlm delamination during the diamond coating. Raman and scratch tests showed that a UNCD ﬁlm with
high purity could adhere to the PyC substrate strongly. A thrombin generation study demonstrated an excellent
biocompatibility of UNCD towards fresh human platelets. These results suggest that UNCD could be a good can-
didate of surface material for next generation heart valves and other implantable devices.
© 2015 Elsevier B.V. All rights reserved.
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Pyrolytic carbon (PyC) is themost widely used structural material for
mechanical heart valves due to its biocompatibility, low cost and ease of
manufacturing [1]. However, PyC components still fail and release car-
bon particles into blood due to scratches at valve hinge area, which
may cause blood contamination [2–3]. At the same time, although PyC
has better biocompatibility than many other materials currently
employed for medical purposes, patients who receive mechanical heart
valves still need to take anticoagulation drugs for the rest of their life
[4]. As an alternative, tissue valves eliminate the usage of anticoagulants,
but the lifespan of tissue valves is usually less than 15 years and the pa-
tients may need to go through multiple thoracic surgeries. Therefore, a
better material may help to optimize the mechanical heart valve design
and lead to the next generation of heart valves, with both longer lifetime
and less anticoagulant dependence. UNCD has been reported to have ex-
ceptional chemical inertness, biocompatibility, especiallymechanical du-
rability and tribological properties due to its diamond nature and
unmatched smoothness [5–6]. The idea of this report is to integrate a
thin layer (a few microns) of UNCD onto PyC heart valves, to enhance
the performances of the heart valves, while not sacriﬁcing PyC's original
advantages of low cost and ease of manufacturing.n the wrong issue. The article is
th International Conference on
mond.2015.11.020.Like graphite, PyC tends to absorb carbon species if it is loaded in a
chemical vapor deposition (CVD) reactor for diamond deposition. As a
result, the regular UNCD deposition process is seriously prone to pro-
duce graphite which affects the ﬁlm purity and performance. At the
same time, the generated graphite is porous, such that even if some di-
amond crystallites are eventually growing, they cannot anchor on a
solid substrate. Therefore, the ﬁlm's adhesion on PyC is usually poor.
With the intrinsic stress, diamond ﬁlm usually delaminates from the
substrate during or soon after the deposition. Due to such a technical
challenge, successful diamond coating on PyC, pyrolytic graphite or
other graphite forms was rarely reported. In this work, we minimized
the graphitization during the deposition and improved the diamond ad-
hesion with a few methods including introducing an interlayer, stress
matching and carbide bonding between the ﬁlm and the PyC substrate.
2. Experimental procedures
The pyrolytic carbon coupons, leaﬂets and oriﬁces of heart valves
were used for the diamond deposition. Manufacturing of PyC has been
well developed [7]. The PyC substrates were ﬁrstly coated with a thin,
20–100 nm tungsten layer via either sputtering or atomic layer deposi-
tion (ALD). ALDwas preferred because of its extremely conformal coat-
ing on a complicated 3-D structure. A seeding process was thereafter
conducted to have diamond seeds attached on the surface of the sub-
strates as initial nucleation centers. The seeding was achieved by
commonly-accepted processes, eitherwith surfacemechanical abrasion
with diamondparticles orwith sonication in seeding slurries containing
diamond nanoparticles [8]. A hot ﬁlament chemical vapor deposition
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chemistry of the UNCD deposition were reported previously [9]. In the
present study, we employed a similar process to simulate PyC deposi-
tion at approximately 800 °C in a CH4–H2 environment within a
HFCVD reactor, rather than within a plasma enhanced reactor with
C3H6–N2 or only CH4 [10–11]. This process consumed part of the carbon
radicals at the beginning of the deposition to form a solid, PyC-like sub-
stance to gradually continue the PyC substrate, while preventing PyC
from producing porous graphite. After this transit step, the gas ratio
was gradually adjusted to match regular UNCD growth conditions. The
overall thickness of the UNCD ﬁlm was 1–2 μm.
A high resolution SEMwas used to characterize theUNCD grains and
surface morphology. The accelerating voltage, aperture size and work-
ing distance of the SEMwere 10 kV, 10 μmand 10mm, respectively. Op-
tical proﬁlometry (Wyko NT1100) was used to measure the surface
roughness of the samples before and after diamond deposition. Raman
spectra were obtained using a spectrometer (Control Development
2DMPP)with an frequency-doubled neodymium-doped yttrium alumi-
num garnet (Nd:YAG) laser. The laser wavelength and power were
532 nm and 5 mW, respectively. The ﬁlm stress was measured by a
Flexus Stress Measure System (Tencor FLX-2320) on Si witness wafers
coated in parallel with the PyC samples, with input of thicknesses of
thediamondﬁlm and theparameters of the substrate. Theﬁlm adhesion
was characterized via aNanovea Scratch Test station and a Rockwell Ball
Indenter with a Thomson Precision Ball (ceramic, 1/16″), following
ASTM C1624-05, i.e. “Standard Test Method for Adhesion Strength and
Mechanical Failure Modes of Ceramic Coatings by Quantitative Single
Point Scratch Testing”. To evaluate the biocompatibility of diamond
coated components towards platelets, fresh human platelets were incu-
bated with diamond samples for 1 h. Thrombin generation was mea-
sured using a modiﬁed prothrombinase assay [12]. Calcium Ionophore
A23187 was used to induce maximum platelet activation and thrombin
generation, as a positive control. Untreated platelets were used as the
negative control. The arithmetic average from experiments (n = 9)
was used as ameasure of thrombin generation rate induced by different
surfaces. Statistical analysis was conducted by ANOVA using Microsoft
EXCEL, and signiﬁcant difference was set as P= 0.05.
3. Results and discussion
By adding tungsten interlayer before UNCD deposition and a transit
step at beginning of UNCD deposition as described above, we were able
to integrate UNCD with PyC components. Fig. 1a shows that when we
used conventional deposition process, the diamond ﬁlm catastrophicallyFig. 1. Leaﬂets that a) covered by delaminated diamond ﬁlm coated with conventional
technique and b) covered by solidly integrated diamond ﬁlm with developed integration
technique, c) are assembled into a mechanical heart valve with open status and d) with
close status.delaminated, while when we added these adhesion promoting steps (W
interlayer and gradual PyC-to-UNCD transitioning), the UNCD ﬁlm adhe-
sion on the PyC substrates was signiﬁcantly enhanced (Fig. 1b). Fig. 1c
and d demonstrates that the UNCD-coated PyC componentswere assem-
bled into amechanical heart valve. Filmmeasurements indicated that the
UNCD thickness was between 1.5–2 μm. The optical proﬁlometry mea-
surement showed that before and after UNCD coating, the surface rough-
ness maintained almost the same, between 50 and 80 nm (root mean
square roughness) in a 237 μm × 178 μm ﬁeld of view. UNCD is well
known for being the smoothest as-deposit surface in the diamond family,
with a typical roughness of 5–8 nm (root mean square) [9]. Fig. 4d and e
depicts that the grains and grain clusters of UNCD aremuch smaller than
the feature size of the PyC microstructure, therefore coating UNCD does
not essentially add any more roughness to the substrate.
Film stress is another factor that directly affects ﬁlm adhesion and
shape distortion of the coated samples. It is well known that diamond
ﬁlm stress decreases as the deposition temperature increases. For a de-
position temperature increasing from 600 °C to 850 °C, the ﬁlm stress
can drop from−600 MPa (− represents compressive) to ±100 MPa
(+ represents tensile), i.e. nearly stress free. Straight forward methods
to raise temperature of the substrate include increasing the power of
the reactor, or elevating the substrates closer to the ﬁlament. However,
these methods are not practical for mass production, as raising power
would interfere with the carburization balance of the ﬁlaments, which
could cause tungsten ﬁlament breakage or releases tungsten carbide
dust that contaminates the depositedﬁlm. Elevating the substrate closer
to theﬁlamentwould not only risk uneven surface heating especially for
3-D geometries, but also cause signiﬁcant non-uniformity of the deposi-
tion rate across the substrate surface. More importantly, these methods
would change the diamond deposition chemistry from UNCD to MCD
(microcrystalline diamond). MCD is signiﬁcantly rougher than UNCD
and is not a favorable option to improve the antithrombogenicity of
the resultant surfaces [16]. Here we developed a technique to minimize
the residual ﬁlm stress. Brieﬂy, the coated samples were exposed to hot
hydrogen right after the diamond deposition steps, which caused the
sample surface temperature to be approximately 50 °C higher than
the deposition temperature. This was a relatively short (5–35min com-
pared to hours for the main deposition steps) process, as more H atoms
decarburized the ﬁlament and quickly raises the temperature of the
substrate, similar to the anneal process for other coating techniques,
but not in inert gases. In addition, in such a short timewithout involving
carbon-related gases, the ﬁlm thickness and grain size did not change.
Fig. 2 demonstrates that 25 min of such treatment can achieve a stress
close to 0 MPa, and can avoid the drawbacks caused by the aforemen-
tioned methods. When the stress is under 200 MPa, the curvature
change of a leaﬂet is not measurable. Because of very small thickness
and low stress introduced, the leaﬂets and oriﬁces could be easily as-
sembled without impacting the geometry of the valves.
Amore thorough test on the adhesion of UNCD on PyCwas conduct-
ed through a scratch test. Before adding the tungsten interlayer and theFig. 2. Residual stress vs. time of hot H2 treatment. The ﬁlm thickness is 1 μm on average.
The stresswasmeasured by a Tencor Flexus on 4″ Siwitnesswaferswith 525 μmthickness.
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test with a load higher than 10 N. Fig. 3a and c shows that at the load of
12 N, cracks appeared; however, with the developed UNCD–PyC inte-
gration technique, the ﬁlm could survive a load up to 100 N. Fig. 3b
and d demonstrates that even at the end of the scratch test, i.e., the
load reached 100 N, no crackwas observed under 1000×magniﬁcation.
The marks left by the Thomson Precision Ball on the undeveloped and
the developed coating looked different. The mark that made of a series
of small cracks on the undeveloped coatingwas visible under an optical
microscope, and the cause of the mark on the developed coating was
inspected under SEM as shown in Fig. 3e. The SEM image reveals that
the mark was not made of cracks but debris left by the ball material
scraped by the UNCD surface. If the hardness and robustness of the
ball material were equal to or higher than that of the UNCD, we would
be able to see cracks and detachment of the UNCD clusters as marked
in Fig. 3e. However, no UNCD cluster broken or detached from the sub-
strate (in pebble shape)was observed during the scratch test.When the
PyC substrate was not coated with UNCD, the Thomson Precision Ball
with ceramic material could readily break into the substrate. These re-
sults suggest that, after coating a few micron of UNCD, the hardness of
the PyCwas signiﬁcantly elevated. The contact area between the ceram-
ic ball and the sample was a circle with a diameter of approximately
200 μm at the end of the test. With the maximum load of 100 N, itFig. 3. Scratch test on UNCD ﬁlms deposited on PyC. a) With undeveloped technique at 12-N lo
ﬁcation; c) with developed technique at 100-N load under optical microscope with 50× magn
Precision Ball of the scratch tester with a 2-μm scale bar. Details in red squares in a), b) and d)was easy to calculate that the pressure applied on the ﬁlm was about
3 × 109 Pa.
Raman characterization of the samples was rigorously done during
the whole deposition development. As described in the experimental
section, we ﬁrst studied the Raman signature of the bare PyC (Fig. 4a)
which only contained the so-called D-band and G-band at 1360 cm−1
and 1580 cm−1 [13]. At the beginning of the diamond deposition, a
transit deposition step was introduced to bridge the coating from the
PyC form to eventually the UNCD form. At the end of this step, a second
Raman spectrum was measured, as shown in Fig. 4b. Besides the PyC
signatures, the spectrum contained signatures of nanocrystalline dia-
mond at 1150 cm−1 and 1470 cm−1, indicating the presence of hydro-
carbon [14], more speciﬁcally, transpolyacetylene lying in grain
boundaries of NCD or UNCD [15]. The Raman spectra suggested that,
during the transit step,moreNCDorUNCDhad been formed.We under-
stand that the tungsten interlayer effectively prevented PyC from
absorbing the precursors CHx (x = 1, 2 or 3) in the reactor, therefore
these saved precursors were used to form diamond. The interlayer
also reacted with the thermal carbon species to form a strong tungsten
carbide bond with the diamond nucleation centers. After the transit
step, the ﬁlm deposition conditions were fully changed to grow pure
UNCD. Fig. 4c depicts a typical Raman spectrum of UNCD with sp2
impurity b4% reported in previous work [9]. The top view SEM imagead inspected under an optical microscope with 50× magniﬁcation; b) with 200× magni-
iﬁcation; d) with 200× magniﬁcation; e) SEM image of debris scraped from the Thomson
are presented in c), d) and e) respectively, with higher magniﬁcation.
Fig. 4. Raman spectrum of a) PyC, b) transit layer, and c) UNCD on top layer, d) SEM image of UNCD-coated PyC with 2-μm scale bar and a magniﬁed square in red showing e) details of
UNCD coating with a 100-nm scale bar, and f) cross section SEM image of UNCD on PyC substrate with a 1-μm scale bar.
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ized by very small faceted grains and clusters. The transit layer may
also have compensated the mismatch of coefﬁcient of thermal ex-
pansion (CTE) between the PyC substrate (~5 × 10−6 K−1) and the
UNCD ﬁlm (1 × 10−6 K−1), and provided a stress buffer between
them, however, because its continuous structural transition from
PyC to UsNCD, this transition layer was too thin to be distinguished
in the SEM cross section image in Fig. 4f.
Using a standard prothromobinase assay, thrombin generation of
fresh human platelets was measured after platelets were exposed to
UNCD, PyC, MCD (microcrystalline diamond) and Silicon Carbide
(SiC), which were all reported as good biocompatible materials candi-
dates. The results indicated that most of these materials had acceptableFig. 5. Thrombin generation of fresh human platelets after 1-hour exposure to UNCD, BD-
UNCD, PyC, and MCD. Platelets without any treatment were used as the negative control.biocompatibility towards platelets. Fig. 5 demonstrates that throm-
bin generation induced by UNCD was slightly lower than that in-
duced by PyC, but no signiﬁcant difference was detected between
the two conditions. Thrombin generation induced by these two ma-
terials was very similar to that of control platelets, i.e., almost “invis-
ible” to the interacted fresh human platelets. However, MCD (P =
0.015) and SiC (P = 0.006) induced a signiﬁcant increase in throm-
bin generation compared to control platelets. Platelets treated
with calcium ionohpore A23187 was used as the positive control
(i.e., maximum platelet activation and thrombin generation).
Thrombin generation from ionophore treated platelets was approxi-
mately 300% higher than that of the negative control, therefore data
obtained from the positive control was not shown in Fig. 5. These
results are compatible with our previous experiment of ﬁbrinogen
adsorption on UNCD surface versus surface of other biocompatible
materials [16]. It is noted that boron doped UNCD (BD-UNCD) in-
duced a similar level of thrombin generation compared to PyC, sug-
gesting that electronically active devices made of BD-UNCD, such
as sensors or energy collectors could become implantable. More sys-
tematic experiments are being conducted currently to evaluate the
biocompatibility and hemodynamic performance of UNCD-coated
heart valves.
4. Conclusions
We have demonstrated a strong integration between a UNCD ﬁlm
and PyC heart valve components. The strong integration has been
achieved by combining a very conformal tungsten interlayer technique
and a transit step to enforce carbide bonding at UNCD-PyC interface,
whichminimized graphitization aswell as ﬁlm stress, and compensated
231H. Zeng et al. / Diamond & Related Materials 63 (2016) 227–231chemical andCTEmismatch between PyC andUNCD. Suchdevelopment
ensured a high UNCD quality and strong ﬁlm adhesion on the PyC sub-
strate. The coating hadminimum impact on the geometry of the compo-
nent of the PyC heart valve. An aggressive scratch test showed that the
UNCD ﬁlm on PyC leaﬂets can survive a load of 100 N on a contact area
of 3 × 10−2 mm2, free of any sign of ﬁlm damage (crack or delamina-
tion). Contact with UNCD induced a control level thrombin generation
in human platelets, which was comparable or less than PyC, and signif-
icantly less thanMCD and SiC. In short, UNCD coating could signiﬁcantly
improve the PyC valves' mechanical performance without sacriﬁcing
the biocompatibility of the valves. Techniques and methods reported
in this study could surely beneﬁt any other PyC-based implantable de-
vices as well.
Prime novelty statement
The paper is presenting a diamond integrationwith pyrolytic carbon
(PyC) components of mechanical heart valves, with high purity and
strong adhesion. The coateddiamond surface demonstrates an excellent
biocompatibility by triggering minimum thrombin generation from
fresh human platelets.
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